Abstract: Porous polyacrylamide (PAAm) was synthesized using calcium carbonate (CCb) micro-powder and subsequent leaching process. Polymerization was carried out in a solution environment system containing methylenebis acrylamide (MBA) and acrylamide (AAm) as crosslinker and monomer, respectively. CCb micro-powders were introduced to the polymerization solution before adding initiator. Ammonium persulfate/sodium metabisulfite (APS/SMBS) were used as a redox initiator system. HCl solution was used to remove CCb powders. The effect of MBA concentration and CCB amount on the swelling of hydrogels were studied. The porous structure of hydrogels was investigated and verified using scanning electron microscopy (SEM). 2,4-Dichlorophenoxyacetic acid (2,4-D) was loaded into the hydrogels and release of this herbicide was investigated. The effect of MBA concentration and addition of CCb on the content of released herbicide was studied. Also, the study of herbicide release in a solution under various pH revealed the pH-dependency release of 2,4-D herbicide.
Introduction
Hydrogels are three-dimensional crosslinked hydrophilic polymer networks, which swell without dissolving when brought into water or biological fluids [1] . These crosslinked polymers have been used widely in various types of applications such as controlled drug delivery, immobilization of enzymes, dewatering of protein solution, solute separation, baby diapers, soil for agriculture and horticulture, water-blocking tape, absorbent pads, and others [2] [3] [4] [5] [6] [7] [8] . There are several well known methods to prepare porous hydrogels, including phase separation, foaming technique, emulsiontemplate synthesis, and particulate leaching and freeze-drying [10, 11] . Park et al. developed a new kind of superabsorbent polymers, so called superporous hydrogels [9] . Scientists have been studying porous PAAm hydrogels and their derivatives as important hydrophilic polymers for preparing hydrogels [12] [13] [14] [15] [16] [17] . Abd El-Rehim and coworkers [18, 19] investigated applications of PAAm hydrogels in controlled release of agrochemicals and bioactive materials.
The delivery of herbicides by controlled release formulation offers both ecological and economical advantages. Success of these formulations is based on suitable choices of polymer support [20] . Controlled release of various herbicides such as simazine, 2,4,5-trichlorophenoxyacetic acid, triazine, and fenuron by using polymeric matrixes have been subject of numerous studies [21] [22] [23] [24] . Herbicides have been extensively employed; for example, the herbicide 2,4-D has been used for a long time in agriculture, forestry, and home and garden application and to control weeds in parks for over 50 years [25] . Polymeric matrixes such as cornstarch, starch-g-poly(butyl acrylate) and alginate gels have been used for controlled release of 2,4-D [26] [27] [28] .
Synthesizing porous hydrogels using solution polymerization method (with low concentration of monomers) in the presence of porogen (gas bubbles are produced from reaction of porogen with chemicals) is a difficult task, because produced gas bubbles from porogen leave the solution easily. It is well known that calcium carbonate is poorly soluble in neutral or basic media; however, it reacts with acid and produces carbon dioxide. To the best of our knowledge, there has been no previous report on using the calcium carbonate to synthesize porous PAAm hydrogel. The leaching of calcium carbonate and subsequent evolution of CO 2 gas from a hydrogel matrix results in porous structure. The major part of this report is focused on synthesizing porous PAAm hydrogel through solution polymerization and its application on release of 2,4-D. This herbicide was loaded in the purified hydrogel and the release of this active agent in deionized water was studied.
Results and Discussion

Synthesis and Characterization
We have successfully prepared porous PAAm hydrogel using solution polymerization with a particulate leaching technique and subsequent releasing of 2,4-D have been studied. Preparing porous hydrogels via porogen method in solution with low concentration of monomers is a challenging task as bubbles may leave the solution without having chance to make the hydrogel porous. Incorporation of insoluble material such as CaCO 3 in the polymer composition and subsequently their leaching is a suitable method to make a porous polymer. The porous structure can be resulted in two ways: (a) acid treatment to leach the CaCO 3 particles and (b) trapping evolved CO 2 gas, from neutralization of CaCO 3 in the presence of acid, in highly pasty and jelly state hydrogel and as the result, released gas creates pores in the hydrogel structure. Figure 1 shows typical SEM micrographs of prepared hydrogels. The PAAm hydrogel and CaCO 3 particles are observable in the hybrids, as shown in Fig. 1b . After HCl treatment, the CaCO 3 particles had disappeared and pores could be clearly observed in the hydrogel structure, shown in Fig. 1c . On the other hand, we were not able to create pores in hydrogels prepared without the CaCO 3 particles (see Fig. 1a ). These observations indicate successful preparation of porous PAAm hydrogels by the present technique. 
Effect of CaCO 3 content on porosity
Hydrogel preparation method affects the formation of micropores and macropores in hydrogels structure. When hydrogels are synthesized by conventional methods, the result will be the formation of micropores. Through introducing the porogen agent during hydrogel synthesis, not only micropores will be produced, but also macropores will exist [29] . Figure 2 depicts the structure of porous hydrogel containing micropores and macropores. In fact, the macropores are attributed to the pores that are created from leaching of CCb powders. While, the gaps among molecular chains in PAAm hydrogels (that may be containing wet) are assumed as micropores [30] . The ratio of macropores to micropores can affect the swelling behavior of the hydrogels. So, it is important to determine this ratio using suitable method. Recently, a simple method to determine the macropores to micropores ratio in porous PAAm hydrogels has been reported by Tamagawa et al [30] . After inclusion of macropores in the PAAm hydrogel, this research group has performed no further treatment on the hydrogels. So, after synthesis of hydrogels and without drying them, by choosing a definite volume of hydrogels and comparing the volume and weight of hydrogels, the macropores to micropores ratio could be calculated. According to this method, we attempted to determine macropores to micropores ratio in the hydrogels. But there was a problem; in fact, the CaCO 3 should be removed using HCl solution. During the leaching of CaCO 3 , the water can diffuse into produced macropores causing an error in the calculation. So, we tried to dry the hydrogels, and subsequently determine the bulk density of the dried hydrogels.
For all hydrogels, the bulk density of dried hydrogels was determined using picnometer. As shown in Table 1 , the increase in CaCO 3 content has a big influence on the density of the hydrogels. The results reveal that the increase in CaCO 3 causes a decrease in the density of the hydrogels.
Tab. 1. Effect of CaCO 3 content on the bulk density (ρ) and volume fractions of macropores and micropores in dried hydrogels. For a definite weight of dried hydrogels (W dg and W dg o , the weights of dried hydrogels prepared using CaCO 3 and no-CaCO 3 , respectively), the difference in volumes can be attributed to the volume fraction of macropores (Vf macro ). So, we can write:
where, V dg º and V dg are the volumes of dried hydrogels synthesized without and with CaCO 3 , respectively. For equal weights of dried hydrogels, the Eq (1) can be written as below:
It may be noted that in a hydrogel containing macropores and micropores the sum of these volume fractions will be as below:
(5) where, Vf macro and Vf micro are volume fractions of macropores and micropores, respectively. From Table 1 it can be observed that the Vf macro of hydrogels and subsequently, (Vf macro )/ (Vf micro ) ratio increase with an increase in CaCO 3 content. Figure 3 shows the SEM micrographs of hydrogels prepared with various content of CaCO 3 . The SEM results reveal the increase in macropores content with increasing CaCO 3 content. The higher CaCO 3 content causes higher number of macropores and subsequently the density of hydrogels is decreased. 
Swelling Behaviour of Hydrogels
Many factors affect the water absorbency of hydrogels. Among them, we study the effect of MBA crosslinker concentration and CCb amount on the swelling. Figure 4 illustrates water-absorbing dependency of hydrogels on MBA concentration. As the concentration of the MBA was increased, the water absorbency of the hydrogel was decreased (41, 34 and 17 g/g for 0.13, 0.32 and 0.65 mmol of MBA, respectively). Clearly, higher concentration of crosslinker produces larger degree of polymer chains branching and generates an additional network. Thereby, with increasing crosslinker content, the crosslinking density increases and subsequently the network space gets diminished and less water enters the hydrogel [31] . 4 . Effect of MBA concentration on the water-absorbency of hydrogels. Figure 5 illustrates the equilibrium of water content and dynamic swelling behaviour of hydrogels as a function of the CaCO 3 amount. As presented in this figure, by using the CaCO 3 in the feed mixture, the water absorbency of the hydrogels increases. This may be attributed to the fact that using CaCO 3 in the hydrogel makes pores in the hydrogel structure and results in a high water uptake. Also, hydrogels absorb higher amount of water with increasing CaCO 3 amount in reaction feed that may be due to increase in pore number. Furthermore, we have investigated the effect of CaCO 3 content on the swelling kinetic of the hydrogels. A preliminary study was conducted on the hydrogels swelling kinetics and results have been presented in Figure 5 which shows the swelling behaviour dynamics of PAAm hydrogel samples. The rate of water uptake in porous hydrogels is higher than non-porous hydrogels. Increase in surface area and porosity of hydrogels amplify the rate of water absorption. The swelling-time data can be fitted with the following equation [32] to derive the power and rate parameters:
where S t is swelling at time t(g/g), S e is equilibrium swelling ("power parameter", (g/g), t is time (s) for swelling S t , and τ stand for "rate parameter" (time for S τ ), s. The rate parameters for hydrogels are illustrated in Table 2 . The τ value for hydrogel with noCaCO 3 is higher than samples which were synthesized in the presence of CaCO 3 because latter type of hydrogels has higher number of macropores in their structure. 
Release Study of 2,4-D
Not only the degree of swelling, dynamics of swelling, and type of hydrogel affect the release of the active agent from polymeric matrix, but also dissolution and nature of the active agent may have an influence on the amount of drug released [6, 33] . In this work, PAAm as a non-ionic hydrogel is chosen to study the release of 2,4-D herbicide. The structure of this herbicide is shown in Scheme 1. As we can see from this scheme, it contains carboxylic acid group (pKa=2.6) which makes its solubility dependent on the solution pH [34] . Thus, release of the active agent was studied as a function of hydrogel porosity, crosslinker concentration, and pH of medium. 
Effect of Porosity on Release of 2,4-D
The release profiles of 2,4-D as a function of porosity of hydrogels are shown in Figure 6 . The porous nature of PAAm hydrogels has two main effects. First, increase in porosity leads to increase in the percentage of loading i.e., boost in swelling capacity of hydrogels because of raise in porosity, causes high loading of the active agent and it subsequently creates high release of it (Experimental section, Table 4 ). Secondly, as the porosity of the hydrogels increases, the slope of release begins to be sharper. Increasing the slope of release profile can be attributed to the fact that as the porosity of matrix is increased, the water uptake takes place faster, and subsequently the diffusion of the active agent through hydrogel is increased. As it is presented in Figure 6 , after 80 minutes, only 40 % of the active agent has been released from non-porous hydrogel, see SP1; while in the case of SP4 with high porosity, 95% of the active agent has been diffused into release medium. According to the results shown in Figure 6 , the release rate of 2,4-D from hydrogel matrix is in agreement with dynamic swelling.
Effect of MBA on the Release of 2,4-D
To investigate the effect of MBA crosslinker on the release kinetics of 2,4-D, we have measured the percentage of release from hydrogels containing different amounts of crosslinker. The release percentage of the active agent is presented in Figure 7 . The results indicate that the release of the active agent decreases as we increase the MBA concentration in the hydrogel matrix. When the crosslinker concentration is increased in hydrogel composition, the pore size decreases which causes: a) decrease in the loading content (Experimental section, Table 4 ) because of the low swelling capacity of hydrogels and b) the rate of diffusion of the active agent into release medium is decreased. 
Effect of pH on the Release of 2,4-D
Despite PAAm hydrogel is a non-ionic hydrogel, 2,4-D comprises carboxylic acid group and is known as an acidic compound. Therefore, the pH of the medium can affect the release of this active agent [33, 35] . The pKa value of 2,4-D is around 2.6. When the pH of the medium is lower than 2.6, the functional group of 2,4-D exists as a carboxylic acid (-COOH) group. But, when the pH of the medium is higher than the pKa value, the carboxylic acid group will be converted to carboxylate (-COO -). Release dependency of 2,4-D as a function of pH is shown in Figure 8 . As we discussed, the slow and low release of 2,4-D in pH 1 is attributed to the non-ionic property of the active agent at low pH. Fast release of the active agent in basic solutions is due to the presence of anionic carboxylate groups. When the time of release reaches 100 min, only 24 % of the active agent was released into acidic solution, while in the basic medium, 75 % of 2,4-D was diffused into the medium after the same amount of time passed. As shown in Figure 8 , when the hydrogel is transferred from acidic to basic solution, the release of the active agent suddenly increases. This phenomenon is attributed to conversion of COOH to COO -. Thus, the active agent easily diffuses into the releasing medium.
Conclusions
Porous PAAm hydrogel was synthesized using calcium carbonate powders and it was subsequently removed from the medium by the technique already discussed. We have confirmed the porous structure of hydrogel using SEM technique. It also indicates that higher porosity is achievable using higher concentration of calcium carbonate. The swelling capacity of hydrogels was increased when the CaCO 3 amount was increased in the preparation step, which is due to an increase in porosity and higher water uptake ability. On the contrary, increase in MBA concentration results in lower swelling ability due to denser crosslink and shrinkage in network space. The release of 2,4-D herbicide as a function of MBA concentration was investigated and results indicate that increased concentration of MBA has negative effect on release of the active agent. The release profiles at various pH showed pHdependency release of 2,4-D herbicide, i.e., we observed fast release of the active agent in basic solutions and slow release in solutions with pH lower than 2.6. We believe that the functional group, carboxylic acid, plays an important role in this phenomenon and causes this pH dependency.
Experimental
Materials
Acrylamide (AAm), Merck Co., was used after crystallization from acetone. MBA, APS and SMBS (Fluka Co.), were used as received. CCb (~3 μm), Fluka Co., and other chemicals were used as received. Herbicide 2,4-D (Sigma Aldrich Chemicals) was used as received.
Synthesis of PAAm Hydrogel
AAm solution was prepared in a one-liter reactor equipped with mechanical stirrer and gas inlet. AAm was dissolved in degassed distillated water. Reaction variables are given in Table 3 . In general, AAm (3.0 g, 42 mmol) was dissolved in 30.0 mL of distillated degassed water. MBA as a crosslinker (0.050 g in 2 mL water, 0.32 mmol) was added to the AAm solution and the mixture was continuously stirred under nitrogen gas. Various amount of calcium carbonate powder (38, 75, 150 mg/mL) was added to the reaction mixture and allowed to stir for 10 min. Then APS (0.05 g dissolved in 2 mL water, 0.22 mmol) and SMBS (0.05 g dissolved in 2 mL water, 0.26 mmol) as a redox initiator were added to the solution and stirred for 30 min. Obtained hydrogels were cut in same sizes (~2×2×2 mm). Subsequently, the calcium carbonate particles were dissolved in the aqueous 10 % wt HCl solution by immersion of hydrogels for 24 h at ambient temperature. For removing the calcium chloride from dissolution of calcium carbonate and remaining substrates, the hydrogels were immersed in excess amount of deionized water for 6 days with daily refreshment of the water. In order to assure the complete removal of Ca 2+ and Cl -ions, CO 3 2-and Ag + ions were used, respectively; in which lack of any precipitation was attributed to a complete removal. After this time, the hydrogels were poured to the 300 mL ethanol. After dewatering for 24 h, the hardened hydrogel product were filtered, washed with fresh ethanol (2 ×50 ml) and dried at 50 o C until obtaining a constant weight.
Density Measurement
In this section of study, the hydrogels were dried at 100 o C for 24 h. Bulk density of dried hydrogels was determined by using picnometric method outlined in ASTM D792. In general, 1 g of dried hydrogels was placed in a 10-mL picnometer with known weight. Then the picnometer containing sample was filled with acetone as non-solvent and picnometer containing sample and acetone weighed to determine the density of sample according to standard method.
Swelling Studies
Dried hydrogel were used to determine the degree of swelling. The degree of swelling (DS) was determined by immersing the hydrogels (0.1 g) in distillated water (100 mL) and it was allowed to soak for 24 h at room temperature. Then, they were removed from the water, blotted with filter paper to remove surface water, weighed and the DS was calculated using Eq (7):
where W s and W d are the weights of the samples swollen in water and in dry state, respectively. For studying the swelling kinetics of the hydrogels, a certain amount of samples (0.20 g) was poured into several weighed tea bags and was immersed in 200 ml distilled water. At consecutive time intervals, the water absorbency of the hydrogels was measured according to the above mentioned method.
Loading/Release of 2,4-D
The 2,4-D was dissolved in 25 ml deionized water with desired concentration (0.2 %wt). An important note is that the sodium salt of 2,4-D was used for loading. For this purpose, we used stochiometric amount of NaOH to dissolve it. Afterward, we immersed pre-weighed purified and dried hydrogel (0.1 g) into the prepared solution for 24 h at room temperature. Loaded hydrogels were filtered and dried in ambient temperature to take them to constant weight (The 2,4-D was measured using UVVisible spectrometer at λ max =284 nm). For estimation of the percentage of loaded herbicide, the loaded hydrogels were immersed in deionized water for 24 h and released herbicide after 24 h was assumed as loaded 2,4-D. Using calibration curve, the released 2,4-D was calculated. Table 4 shows the percentage of loading for hydrogels. Deionized water was chosen as a release medium to study the percentage release of 2,4-D. In general, dried 2,4-D loaded hydrogels were immersed in 100 mL deionized water under un-stirred condition. At intervals, the amount of released 2,4-D was evaluated using UV spectrometer. The percentage of released 2,4-D was determined from the calibration curve.
Tab. 4.
Instruments
The surface morphology of the dried hydrogels was examined using scanning electron microscopy (SEM). Dried hydrogels were ground and sieved to 40-60 mesh and used for SEM studying. Dried hydrogel powders were coated with a thin layer of palladium gold alloy and imaged in a SEM instrument (Leo, 1455 VP). An UV-Visible (UNICO, 2102 Series) was used to study release of 2,4-D.
